This paper involves designing, implementing, and testing of a locally adaptive perceptual masking threshold model for image compression. This model computes, based on the contents of the original images, the maximum amount of noise energy that can be injected at each transform coefficient that results in perceptually distortion-free still images or sequences of images. T h e adaptive perceptual masking threshold model can be used as a pre-processor to a J P E G compression standard image codei. D C T coefficients less than their corresponding perceptual thresholds can be set to zero before the normal J P E G quantization and HuEman coding steps. T h e result is an image-dependent gain in the bit rate needed for transparent coding. In an informal subjective test involving 318 still images in the AT&T Bell Laboratory image database, this model provided a gain in bit-rate saving on the order of 10 to 30 %.
INTRODUCTION
In recent years, J P E G has emerged as a standard method of image compression [13] . Typically, the ima.ge is segmented into 8x8 blocks, then transformed into 64 D C T coefficients. These coefficients are then quantized using an 8x8 quantization table Q whose m-, n-th entry gives the quantizer's stepsize for the corresponding m-, n-th D C T coefficient. The quantization table Q contains the just-noticable distortion profiles (JND) or the minimally-noticuble distortion profiles (MND) which are measured and calculated by researchers based on numerous psycho-visual experiments [l, 7, 8, 121. Although some prominent properties of the Human Visual System (HVS) have been exploited to obtain these thresholds, one of the most important properties, texture masking characteristic, has not been taken into account. The result is a conservative universal qaantization table that is used for not only all images, but also for all blocks of a particular image. Here, we propose an image-dependent approach that makes J P E G locally adaptive. This more dynamic model exploits the local frequency content of the image to provide finer control of the D C T coefficients' quantization process, and therefore, improves the bit-rate given a certain reconstruction quality or improves the reconstructed image quality given a certain bit-rate. However, in this paper, we are only interested in perceptually lossless coding, i.e., no visual difference between the original and the coded image can be reliably detect,ed.
. BRIEF SUMMARY OF PREVIOUS
There has been some work done in the field of perceptual image coding using the image-dependent approach. Several models based on this technique have been developed; most notable models are Wa,tson's [ 3 ] , and Safranek and Johnston's [4] . However, both of these models are not accurate and not locally adaptive enough. The model developed by Watson in [3] raises the JND threshold for each D C T coefficient independently of the other coefficients in the same block. The Safranek and Johnston's model [4] uses the average value of the AC coefficients in an analysis block to estimate its texture energy. Then, depending on the amount of texture energy present, a correction factor for that block's J N D thresholds is assigned. Obviously, the Safranek and Johnston model is not locally adaptive enough. It is only adaptive block by block. Furthermore, the masking energy measurement is inaccurate. In this paper, we propose a much more accurate masking threshold model in which each D C T coefficient in an analysis block can have a different elevation factor.
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DESIGN AND IMPLEMENTATION
This locally adaptive perceptual threshold model can be divided into two separate submodels: the base model and the threshold elevation model.
Image-Independent Base Threshold Model
The image-independent base threshold model accounts for the HVS's frequency and contrast sensitivity. It is implemented from the detection model presented by Peterson et a1 in [I] . It takes into account different pixel sizes, different viewing distances, and also different display luminances. In other words, the base threshold model provides a J P E G quantization table that is dependent on the viewing conditions. In a traditional baseline J P E G coder, this quantization table is used for coding all blocks of all images. T h e images' local characteristics have not been exploited. This justifies the label "image-independent" .
Image-Dependent Threshold Elevation Model
The image-dependent threshold elevation model uses a mapping oi the D C T coefficients onto the Cortex filters to estimate the texture energy, i.e., the amount of spatial details, in each HVS's critical band of each image block, and then computes a threshold elevation factor for each D C T coefficient of that particular block. More simply stated, 0-7803-3192-3/96 $5.0001996 IEEE this threshold elevation model provides a more "agressive" quantization table with iarger quantization stepsizes for DCT coefficients that contain significant texture energy.
Since the human visual system cannot detect quantization noises in highly textured image region as well as in smooth region [4, 6, 7, 121, appropriate elevation of the quantization stepsixes will improve the coding efficiency of these textured regions without loss of perceptual quality.
Cortex Fzlters
T h e Cortex transform (shown in Figure 1 ) mimics the HVS, i.e., the Cortex filters approximate the HVS's critical bands. The Cortex transform originates from researches in neurophysiology and psychophysical studies in noise masking [lo, 7, 11, 9, 121. These studies have found a radial frequency selectivity that is essentially symmetric on a log frequency axis with bandwidths nearly constant a t one octave. Furthermore, these studies also discovered that the HVS's orientation selectivity is symmetric about a center peak angle with taning bandwidths varying as a fxnction of radial frequency, ranging from 30 degrees for high frequencies to 60 degrees for low frequencies [8, 51. The 
DCT-Cortex Falters Mapping
Threshold Elevation
According to the overlap matrices, the threshold elevation model first computes the texture energy contained in each T h e threshols elevation model then maps this texture energy to a threshold elevation factor. A typical threshold elevation model is depicted in Figure 3 , where its parameters min, max, low, high are tuned by subjective testing. If a certain coefficient gets involved in more than one critical band, and thus correspondingly has mor'e than one elevation factor, the smallest value is used t o prevent overly aggressive estimation. At last, the final perceptual masking threshold of each DCT coefficient in the block is then obtained as the product of its base threshold value and its elevation factor. For complete details, see [14] .
RESULTS
Many subjective tests were carried out t o test the validity of the theory, as well as to fine-tune the aforementioned parameters of the threshold elevation model. With the parameters set a t perceptually lossless level, i.e., the testing subjects cannot reliably tell the original and the coded image apart, the new adaptive perceptual threshold model can be used as a pre-processor t o a JPEG compression standard image coder. D C T coefficients less than their corresponding perceptual thresholds are set to zero before the normal J P E G quantization and Huffman coding steps. We call this new coder Adaptive Perceptual JPEG (APxJPEG) .
In an informal subjective test involving 318 still images in the AT&T Bell Laboratory image database, APxJPEG outperforms J P E G by alarge margin. The APxJPEG coder provides a gain of bit-rate saving on the order of 10 to 30 %. It also has much bett,er performance than the SafranekJohnston (PxJPEG) model. For images with a lot of directed texture, the new model performs best thanks to its local adaptibility. Tlte bit-rate savings between the three coders J P E G , PxJPEG and APxJPEG are presented in Figure 2f and 2g . Also included are two lenna images ( Figure  2d and 2e) coded a t perceptually lossless level. In this case, APxJPEG offers a 15 % bit-rate saving for the same recons t ruc tioii quality.
. CONCLUSIONS
In this paper, we have presented a new locally adaptive perceptual masking threshold model for the human visual system. The model's development was based on many evident characteristics of the HVS available from numerous psychophysical experiments. The model not only performs much better than the JPEG's standard image-independent perceptually lossless model, but it also outperforms, as expected because of its local adaptibility, AT&T's currently used threshold elevation model developed by Safranek and Johnston [4] . The mapping of the cortex transform's critical bands onto the D C T bins proves t o approximate accurately the locality as well as the intensity of the mask. The DCTcortex mapping is the pivotal basis of the image-dependent texture elevation model. The threshold elevation model in this paper is designed t o be compatible with J P E G coder. However, a slight modification of the linear mapping process with the cortex filters can make the proposed model compatible with other transform coders. . " 
